Introduction
Biofertilizers are products containing living cells of different types of microorganisms, which have an ability to convert nutritionally important elements from unavailable to available form through biological processes. 1, 2 The utilization of microbial products has several advantages over conventional chemicals for agricultural purposes: (i) microbial products are considered safer than many of the chemicals now in use; (ii) neither toxic substances nor microbes themselves will be accumulated in the food chain; (iii) self-replication of microbes circumvents the need for repeated application; (iv) target organisms seldom develop resistance, as is the case when chemical agents are used to eliminate the pests harmful to plant growth; and (v) properly developed biocontrol agents are not considered harmful to ecological processes or to the environment. [3] [4] [5] In recent years, biofertilizers have emerged as an important component of the integrated nutrient supply system and hold great promise to improve crop yields through environmentally better nutrient supplies. In biofertilizer, the plant hormone plays a vital role in growth and development. So, identification and determination of plant hormone will play an important role in the efficacy, the safety and the quality control of the biofertilizer.
It is well known that plant hormones play crucial roles in mediating plant growth in a whole range of developmental processes. 6 Many of them respond to environmental stimuli such as photoperiod, temperature, water and nutrition supply. 7 Taking gibberellic acid as an example, it promotes seed germination, stem elongation, flowering and cone production, and retards leaf and fruit senescence. It also induces de novo synthesis of numerous enzymes. Thus, it is very important to trace the changes in hormone concentration and tissue sensitivity, and to improve our understanding of the signal transduction and development of plants. Several methods have been established to determine some of the plant hormone. Radioimmunoassay (RIA) 8 and enzyme-linked immunosorbent assay (ELISA) 9 are traditional methods in biology. Although HPLC and HPLC-MS 10,11 provide a standard method for accurate quantification of plant hormones, these methods suffer from consuming many materials and much time, since large amounts of organic reagent and many operation steps are often required.
Recently, owing to its high resolving power, low solvent consumption and simple pretreatment, capillary electrophoresis (CE) has been a very active research area in separation science. 12, 13 Several papers have reported the determination of plant hormones by CE. [14] [15] [16] [17] However, extended migration times are found, since the anions are migrating in the opposite direction to the electro-osmotic flow (EOF). In aqueous CE, various cationic electrolyte additives have been employed to modify or reverse the EOF by dynamically coating the capillary wall. [18] [19] [20] To the best of our knowledge, the determination of plant hormone in biofertilizer has not been reported. In this paper, continuing our previous work, 21 we first developed a CE method using hexadimethrine bromide (HDB) as electroosmotic flow (EOF) modifier for the identification and quantitative determination of four plant hormones. The possibility of using this method for the determination of plant hormone in biofertilizer was also tested. A new, simple and rapid capillary electrophoresis (CE) method, using hexadimethrine bromide (HDB) as electroosmotic flow (EOF) modifier, was developed for the identification and quantitative determination of four plant hormones, including gibberellin A3 (GA3), indole-3-acetic acid (IAA), α-naphthaleneacetic acid (NAA) and 4-chlorophenoxyacetic acid (4-CA). The optimum separation was achieved with 20 mM borate buffer at pH 10.00 containing 0.005% (w/v) of HDB. The applied voltage was -25 kV and the capillary temperature was kept constant at 25˚C. Salicylic acid was used as internal standard for quantification. The calibration dependencies exhibited good linearity within the ratios of the concentrations of standard samples and internal standard and the ratios of the peak areas of samples and internal standard. The correlation coefficients were from 0.9952 to 0.9997. The relative standard deviations of migration times and peak areas were < 1.93 and 6.84%, respectively. The effects of buffer pH, the concentration of HDB and the voltage on the resolution were studied systematically. By this method, the contents of plant hormone in biofertilizer were successfully determined within 7 min, with satisfactory repeatability and recovery.
Experimental
Apparatus and conditions Experiments were carried out on an Agilent HP 3D capillary electrophoresis system (Agilent, USA). The applied voltage was held constant at -25 kV. The column was an uncoated fused-silica capillary with a total length of 43.5 cm and an effective length of 35 cm (50 μm i.d., 365 μm o.d.) (Yongnian, Hebei Province, China). The temperature of the capillary cartridge during electrophoresis was maintained at 25˚C and UV detection was done at 200 nm. Before each use, the capillary was rinsed with 1 M NaOH for 10 min, then with water for 10 min; it was then conditioned with running electrolyte for 10 min. Between runs, the capillary was rinsed with water and electrolyte for 5 min each. Samples were loaded by pressure injection at 50 mbar for 5 s.
Materials and reagents
The biofertilizer was purchased from Qingdao of P. R. China. Hexadimethrine bromide (HDB) was obtained from Sigma, USA. Salicylic acid, GA3, IAA, NAA and 4-CA (molecular structures are shown in Fig. 1) were obtained from the Shanghai Shanpu Chemical Plant. All chemicals were of analytical grade and were purchased from Beijing Chemical Reagents Plant. Deionized water was used throughout. All solutions and samples were filtered through a 0.45 μm syringe filter.
Standard stock solutions at concentrations of 2.5 mg ml -1 were prepared in methanol, and various concentrations of the sample solutions were prepared by appropriate dilution from each stock solution when needed. The pH values of borate buffer solutions were adjusted by mixing 0.1 M HCl or 0.1 M NaOH with sodium tetraborate solution. Methanol was used as the electroosmotic flow (EOF) mark.
Sample preparation
The air-dried biofertilizer (20 g) samples were powdered and were prepared using the literature procedure 22 with some modifications. Briefly, the biofertilizer materials were extracted with 100 ml cold 70% (v/v) aqueous methanol and maintained overnight at 4˚C. The extraction was centrifuged at 4˚C (5000g for 8 min). The supernatant was collected, concentrated under reduced pressure, and then dissolved in 100 ml Na2HPO4 (pH 9.0) buffer. The solution was extracted three times with equal volume of ethyl acetate. After the solution acidity was adjusted to pH 2.5, the ethyl acetate phases were dried under reduced pressure, and finally dissolved in 2.5 ml 70% (v/v) aqueous methanol. After being filtered through a piece of filter paper and a 0.45 μm membrane filter, the extracts were injected directly.
Results and Discussion

Effect of buffer pH
To verify the effect of buffer pH on migration behavior, performed experiments using the running buffers containing 20 mM borate and 0.005% HDB (w/v) with different pH values; the applied voltage was -20 kV. As can be seen from Fig. 2 , the migration times of four plant hormones decreased with the increase of pH from 7.50 to 10.50. The reason of this decrease was that greater ionization of the plant hormone at higher pH resulted in greater mobilities of the analytes in the same direction as the electroosmotic flow (EOF) after revers the EOF. An additional reason of the decrease of the migration time was that the efficiency of dynamic coating was higher under higher pH. At pH values lower than 9.00, the co-eluation of IAA and NAA was observed. When the pH was higher than 10.50, 4-CA and IAA were overlapped. Thus, taking account of the resolution and analytical time, we used a pH of 10.00 for further experiments.
Effect of HDB concentration
The effect of HDB concentration on the migration behavior 812 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 has been investigated. The experimental conditions were as follows: voltage -20 kV, temperature 25˚C, pH 10.00, borate buffer concentration 20 mM, HDB concentration ranging from 0.02% (w/v) to 0.001% (w/v). Figure 3 shows that the resolutions were increased when the HDB concentration was from 0.02% to 0.002%. It was because the decrease in HDB concentration reduced the EOF and enlarged the migration time. When the HDB concentration was lower than 0.005, the peaks of the analytes had tailing and broadening. For good resolution, peak shape, analytical time and repeatability, 0.005% HDB was selected as the optimum concentration.
Effect of applied voltage
The high voltage was necessary for rapid CE analysis. Figure  4 shows the effect of applied voltage on the resolution. For the applied voltage ranging from -15 kV to -25 kV, the resolutions of the four plant hormones were not improved. But, when there was a lower voltage, the migration time increased. Thus -25 kV was used as the run voltage.
From the above results, the best condition was obtained, an electrolyte containing 20 mM borate and 0.005% (w/v) HDB at pH 10.00. The applied voltage was -25 kV. Figure 5A shows the CE electropherogram of a mixture of four plant hormones (4-CA, IAA, NAA and GA3).
Construction of calibration curves of four plant hormones
Calibration curves were constructed in the concentration range of 14 -448 μg ml -1 for 4-CA, 19.5 -624 μg ml -1 for IAA, 19.5 -624 μg ml -1 for NAA and 50 -1600 μg ml -1 for GA3. The regression equations of these curves and their correlation coefficients (r) were calculated as follows 
System suitability test, detection limit and recovery
The method was validated for reproducibility of the migration time and the peak area of the analytes. The relative standard deviations (RSD) of the migration time and the peak area of each peak for six replicate injections were 1.23 -1.93% and 2.74 -6.84%, respectively. For the same sample, containing 4-CA, IAA, NAA and GA3 50 μg mL -1 , respectively, the intra-day reproducibility (n = 6) of peak area of four plant hormones was lower than 7.04% of RSD, which indicated that the analytes in solution and during the actual analysis were very steady. The detection limits (S/N = 3) of 4-CA, IAA, NAA and GA3 were 2, 4, 4 and 10 μg ml -1 , respectively. Recovery experiments were performed four times adding a 50 μg ml -1 of aliquot 4-CA, IAA, NAA and GA into the methanol extracts from biofertilizer. The recoveries of 4-CA, IAA, NAA and GA3 were 98.6, 103.3, 96.5, and 90.6%, respectively.
Applications
Methanol solutions of extracts were injected directly and separated under the optimum condition described above. A typical electropherogram for a sample is shown in Fig. 5B . Peaks were identified by the addition of standards of four plant hormones. The analytical results showed that the contents of IAA and NAA were 0.008 and 0.012 mg g -1 , respectively, and 4-CA and GA3 were not detected.
Conclusion
The results demonstrate that CE is a useful, simple and rapid technique for identification and determination of 4-CA, IAA, NAA and GA3 in biofertilizer. The main advantages of fusedsilica capillaries compared to packed columns are that the complex biofetilizer extracts can be directly injected without any purification step and the system can be easily washed between runs. In addition, the method promises to be applicable to the quality control of the plant hormones. Since analysis time and cost are lower than with LC, this is a good alternative to that method for plant hormone analysis.
